The glial cells missing (gcm) gene in Drosophila encodes a GCM-motif transcription factor that functions as a binary switch to select between glial and neuronal cell fates. To understand the function of gcm in vertebrates, we isolated the zebrafish gcmb and analyzed the function of this gene using antisense morpholino oligonucleotides against gcmb mRNA (gcmb-MO) and transgenic overexpression. Zebrafish gcmb is expressed in the pharyngeal arch epithelium and in cells of the macrophage lineage. gcmb-MO-injected larvae show significantly reduced branchial arch cartilages. fgf3-MO-injected larvae display a similar phenotype to that of gcmb-MO-injected larvae with respect to the lack of pharyngeal cartilage formation. In addition, gcmb expression in the pharyngeal arches is down-regulated in fgf3-MOinjected larvae. The gcmb transgenic larvae show a protrusion of the lower jaw and abnormal spatial arrangement of the pharyngeal cartilage elements. These results suggest that gcmb is required for normal pharyngeal cartilage formation in zebrafish and that its expression is dependent on fgf3 activity.
Introduction
The glial cells missing (gcm) gene in Drosophila encodes a GCM-motif transcription factor that functions as a binary switch in determining between glial and neuronal cell fates (Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . Drosophila gcm2 is expressed in macrophages and functions in macrophage development (Kammerer et al., 2001; Alfonso et al., 2002) .
Mammalian homologues of gcm have been isolated (Akiyama et al., 1996; Altshuller et al., 1996; Kim et al., 1998; Kanemura et al., 1999; Nait-Oumesmar et al., 2000) .
These genes share a GCM-motif, which binds DNA and which is highly conserved from human to Drosophila (Akiyama et al., 1996) . Mammalian gcm homologues are expressed predominantly in non-neural tissues and have diverse functions (Kim et al., 1998; Basyuk et al., 1999; Kanemura et al., 1999; Kammerer et al., 1999; Nait-Oumesmar et al., 2000; Anson-Cartwright et al., 2000; Günther et al., 2000; Gordon et al., 2001; Hashemolhosseini et al., 2002) . Mouse GCMa is expressed in placenta and is required for chorio-allantois morphogenesis in placenta (Anson-Cartwright et al., 2000; Stecca et al., 2002) . Human GCMa is also expressed in placenta (Nait-Oumesmar et al., 2000) . In contrast, mouse GCMb is expressed in the third pharyngeal pouch and in parathyroid gland derived from the third pharyngeal pouch (Kim et al., 1998; Gordon et al., 2001) , and functions in parathyroid gland development (Günther et al., 2000) . Similarly, the human GCMb gene is responsible for isolated hypoparathyroidism in a subset of patients with this disease, suggesting that homozygous loss of function of this gene impairs normal parathyroid gland development (Ding et al., 2001 ). Furthermore, forced expression studies using a retroviral expression system implicated mouse Gcm1 in the induction of astrocyte lineage cells, although cultured Gcm1-deficient mouse brains did not exhibit significantly reduced numbers of astrocytes (Iwasaki et al., 2003) . These findings raise the possibility that vertebrate gcm genes have a different biological role from invertebrate gcm.
To further understand the function of gcm in vertebrates, we isolated the zebrafish gcm homologue and performed knockdown experiments using antisense morpholino oligonucleotides against gcmb mRNA (gcmb-MO). In addition, we generated a transgenic zebrafish line in which GCMb protein fused to Green Fluorescent Protein (GFP) can be transiently induced in the whole-body of embryos using the zebrafish heat-shock 70 promotor (Halloran et al., 2000) . Zebrafish embryos are transparent, simple to maintain and handle, and have relatively simple organ structures, which are fundamentally similar to those of other vertebrates (Kimmel et al., 1995) . These features make zebrafish embryos an ideal model for gene analysis in vertebrate development.
We isolated a zebrafish gcm homologue by PCR and denoted this gene as zebrafish gcmb because of its similarity to both human and mouse GCMb (Kanemura et al., 1999; Kim et al., 1998) . Initially, we examined the expression of gcmb mRNA, and found a restricted pattern in the pharyngeal arch. Gcmb is expressed in the surface ectoderm of the pharyngeal arch from 40-h post-fertilization (hpf) until at least 5-day post-fertilization (dpf).
To investigate the function of gcmb, we performed knockdown experiments using antisense morpholino oligonucleotides against gcmb mRNA (gcmb-MO). The gcmb-MO-injected larvae show greatly reduced pharyngeal cartilage; in particular, the basibranchials and ceratobranchials are specifically absent. In these larvae, pharyngeal muscles are formed, but they are reduced in size.
The zebrafish fibroblast growth factor 3 gene ( fgf3) is expressed in the pharyngeal endoderm and is required for pharyngeal cartilage development (Alexander and Stainier, 1999; Kudoh et al., 2001; Furthauer et al., 2001; David et al., 2002; Nissen et al., 2003) . We show here that fgf3-MOinjected larvae display a similar phenotype to that of gcmb-MO-injected larvae with respect to the pharyngeal cartilage (David et al., 2002) , implying that gcmb and fgf3 act in a common pathway in the formation of pharyngeal cartilage. In addition, gcmb expression in the pharyngeal arches is severely down-regulated in fgf3-MO-injected larvae, indicating that the expression of gcmb in pharyngeal epithelium is dependent on fgf3 activity. To further investigate the function of gcmb, we generated a transgenic zebrafish line in which GCMb protein fused to Green Fluorescent Protein (GFP) can be transiently induced in the whole-body of embryos using the zebrafish heat-shock 70 promotor (Halloran et al., 2000) . The gcmb transgenic larvae show protrusion of the lower jaw accompanying an abnormal spatial arrangement of the pharyngeal cartilage elements. In addition, the pharyngeal muscle patterning is perturbed in these transgenic larvae. These findings further support a requirement for gcmb in pharyngeal cartilage formation.
We also report in this paper that zebrafish gcmb is expressed in cells of the macrophage lineage. The macrophage marker genes, lysozyme C (Liu and Wen, 2002) and L-plastin (Bennett et al., 2001 ) are coexpressed with gcmb in some cells in the posterior tail region, suggesting that gcmb-expressing cells in this region are macrophages.
Results

Molecular cloning of a zebrafish gcm homologue
To investigate the function of gcm in vertebrates, we first sought to isolate a zebrafish gcm homologue. Since the GCM-motif, a DNA-binding domain, is highly conserved in Drosophila and mammals (Akiyama et al., 1996) , we assumed that a novel zebrafish gcm homologue should contain a GCM-motif sequence. We therefore designed degenerate primers corresponding to the GCM-motif sequence of Drosophila, human and mouse. Using these primers, we performed PCR using a zebrafish genomic DNA library as a template. We cloned a 137-bp fragment containing the GCM-motif sequence. To obtain the fulllength zebrafish gcm sequence, we further performed 5 0 -and 3 0 -RACE using primers based on the sequence of the 137-bp PCR fragment. We isolated a 2035-bp PCR product, which had a complete open reading frame encoding 521 amino acids. We denoted this gene as zebrafish gcmb because it shares the most sequence similarity with human and mouse GCMb ( Fig. 1 ; Table 1 ). The predicted amino acid sequence of gcmb contains a GCM-motif, which shows 64 -82% amino acid identity with the GCM-motifs of mammalian and Drosophila GCM ( Fig. 1 ; Table 1 ). Comparison of the deduced amino acid sequences of mammalian and Drosophila GCMs has revealed strong conservation in the amino terminal onethird of the GCM-motif, while the carboxyl terminal regions show almost no similarity to each other (Akiyama et al., 1996; Altshuller et al., 1996; Kim et al., 1998; Kanemura et al., 1999; Kammerer et al., 1999; Kammerer and Giangrande, 2001) (Table 1) . Zebrafish GCMb also fits this pattern, strongly supporting that it is encoded by a member of the GCM-motif gene family.
The zebrafish gcmb gene was genetically mapped by radiation hybrid mapping to Linkage Group 24, between 34.8 and 35.8 cM from the top (Tübingen map of the zebrafish genome, unp1185#; http://wwwmap.tuebingen. mpg.de/home.html).
gcmb expression in the developing zebrafish embryo
The spatial and temporal expression of gcmb mRNA was determined by whole-mount in situ hybridization using a digoxigenin-labeled gcmb antisense probe. From the onecell stage until 90%-epiboly (9-hpf), no expression of gcmb was detected (data not shown). We first detected gcmb expression at the bud stage (10-hpf) in cells spreading over the yolk surface ( Fig. 2A) . The identity of these gcmbexpressing cells is currently unknown. From around 18-somite (18-hpf) up to at least 5-dpf, gcmb is expressed in the cells on the yolk surface, yolk extension and posterior tail region, and is also expressed in cells scattered on the head region ( Fig. 2B -D , and data not shown). In zebrafish, macrophage marker genes are also expressed in the posterior tail region (Bennett et al., 2001; Liu and Wen, 2002) , with an expression pattern very similar to that of gcmb (Bennett et al., 2001; Liu and Wen, 2002) . This result implies that the gcmb-expressing cells in the posterior tail region might be macrophages. To test this idea, we performed in situ hybridization using probes for gcmb and two macrophage marker genes, L-plastin (Bennett et al., 2001 ) and lysozyme C (Liu and Wen, 2002) . L-plastin was coexpressed with gcmb at 24-hpf (Fig. 2C) , and lysozyme C was coexpressed with gcmb at 26-hpf (Fig. 2D) , suggesting that the gcmb-expressing cells in the posterior tail region are macrophages.
From around 40-hpf, gcmb expression becomes more restricted to the pharyngeal arches. From 40-to 48-hpf, gcmb expression was detected in the 3rd -5th pharyngeal arches (Fig. 2E) , and faint expression was detected in the mandibular and hyoid arches ( Fig. 2E and data not shown). gcmb is highly expressed in the 3rd -7th pharyngeal arches from 3-dpf until at least 5-dpf (Fig. 2F) , with the expression restricted to the surface ectoderm (Fig. 2G) . Expression of gcmb becomes more intense as development proceeds. Furthermore, gcmb expression is also found in the gut tube at 4-dpf (data not shown).
Inhibition of gcmb function with specific antisense morpholino oligonucleotides reduces the ventral pharyngeal cartilage
We next analyzed the function of gcmb by inhibiting the gene using antisense morpholino oligonucleotides specific against gcmb (gcmb-MO) (Nasevicius and Ekker, 2000) . To test the role of gcmb in pharyngeal arch development, we injected the gcmb-MO into the yolk of 1-4-cell stage embryos and observed them up to 7 dpf ( Table 2 ). The gcmb-MO-injected-larvae exhibited a ventrally protruding jaw, so we observed the pharyngeal cartilage using Alcian blue staining. Larvae injected with gcmb-MO showed greatly reduced cartilage in the pharyngeal arches compared with uninjected controls (Fig. 3B,F,G) . Specifically, the 1st -5th ceratobranchials (cb) and basibranchials (bb) were Fig. 1 . Comparison of the deduced amino acid sequences of the GCM-motif of the zebrafish GCMb homologue with those of human, mouse and Drosophila. GCM homologues. zGCMb, zebrafish GCMb; hGCMa, human GCMa; hGCMb, human GCMb; mGCMa, mouse GCMa; mGCMb, mouse GCMb; dGCM, Drosophila GCM; dGCM2, Drosophila GCM2. absent in the injected larvae (Fig. 3F) . In fact, we identified two phenotypes: in 24 of 30 larvae, the basibranchials and ceratobranchials were completely absent (Fig. 3F ), while 6 of 30 larvae showed rudimentary basibranchials and some remaining in the 1st -3rd ceratobranchials (Fig. 3G) . Interestingly, the basihyal (bh), which is derived from the second pharyngeal arch, remained even in larvae with the predominant phenotype (Fig. 3F) . Although Meckel's cartilage and the ceratohyal point ventrally, they were also present (Fig. 3B,F,G) , and the neurocranium formed normally (Fig. 3D) . Thus, inhibition of gcmb function showed effects specific to the ceratobranchial and basibranchial pharyngeal cartilages, which are derived from the 3rd to 7th pharyngeal arches where gcmb mRNA is highly expressed. These findings indicate that gcmb is required for ventral pharyngeal cartilage development.
To exclude the possibility that the defects caused by injecting the morpholino oligonucleotides were artefactual, we injected the 4-base mismatch antisense morpholino oligonucleotides in which 4 of 25 bases were different from those of the gcmb-MO. This injection resulted in a normal phenotype (Table 2 and data not shown).
In zebrafish, the pharyngeal cartilage arises from cells that have migrated from the cranial neural crest (Schilling and Kimmel, 1994) . Although migration occurs as early as during embryonic day 1 (Kimmel et al., 1998) , the first cranial chondrification of post-migrating neural crest cells begin at 48 hpf (Yelick and Schilling, 2002) . To ask at which stage of cartilage development gcmb is required, we examined expression pattern of dlx2 which encodes a transcription factor that is expressed in the cranial neural crest cells, and is required for pharyngeal arch development (Miller et al., 2000) . The expression of dlx2 is unperturbed at 15 -48 hpf in gcmb-MO-injected embryos (data not shown), suggesting that gcmb is not required for the migration of the cranial neural crest cells into the pharyngeal arches. This is consistent with the time course of gcmb expression, which becomes restricted to the pharyngeal arches only after the cranial neural crest cells have completed their migration (Schilling and Kimmel, 1994) . This observation suggests that gcmb might function at the stage when the post-migratory neural crest cells undergo a distinctive condensation of precartilage mesenchyme and/or during subsequent cartilage growth (Kimmel et al., 1998; Yelick and Schilling, 2002) . Expression of gcmb is restricted to the surface ectoderm in the pharyngeal arches. ov, otic vesicle; P2, P3, 4, 5, 6 and 7 indicate the 2nd, 3rd, 4th, 5th, 6th and 7th pharyngeal arches, respectively; ph, pharynx. Larvae were fixed at 7 dpf and Alcian stained, then scored.
gcmb expression in pharyngeal epithelium depends on fgf3
Previous studies have demonstrated that pharyngeal endodermal expression of fgf3 (Kudoh et al., 2001; David et al., 2002; Nissen et al., 2003) is specifically required for the formation of the posterior pharyngeal cartilage (David et al., 2002) . Injection of morpholino oligonucleotides specific for inhibiting fgf3 (fgf3-MO) causes posterior pharyngeal cartilage defects strikingly similar to that observed in gcmb-MO-injected larvae (Fig.  4A ,B) (David et al., 2002) . fgf3-MO-injected larvae displayed a loss of the ceratobranchials and ceratohyals with inverted AP polarity, implying that gcmb and fgf3 might act in a common pathway during pharyngeal cartilage development. To test the above hypothesis, we analyzed the expression of fgf3 from 40 hpf up to 3 dpf during which time gcmb is highly expressed in the pharyngeal arches. At 40 hpf, gcmb was expressed in the 2nd -5th pharyngeal arches, while fgf3 was expressed in the 3rd -5th pharyngeal pouches (Fig. 4C) . At 48-72 hpf, gcmb was strongly expressed in the 3rd -7th pharyngeal arches, while fgf3 was faintly expressed in the posterior pouches (data not shown). (B) Dissected pharyngeal cartilages of a gcmb-MO-injected larva stained with alcian blue at 7-dpf. Meckel's cartilage (m) and ceratohyal (ch) are bent ventrally (arrows). (C) Dissected neurocranium of a wild-type larva stained with alcian blue at 7-dpf. (D) Dissected neurocranium of a gcmb-MO-injected larva stained with alcian blue at 7-dpf. The elements of neurocranium are unaffected in gcmb-MO-injected larvae. (E) Dissected pharyngeal cartilages of a wild-type larva stained with alcian blue at 7-dpf. (F) Dissected pharyngeal cartilages of a gcmb-MO-injected larva stained with alcian blue at 7-dpf. This larva showed greatly reduced cartilages in the pharyngeal arches. Note that the basihyal (bh, arrow) remained intact. (G) Dissected pharyngeal cartilages of a gcmb-MO-injected larva stained with alcian blue at 7-dpf. This larva showed a weak phenotype in which only rudimentary basibranchials and ceratobranchials remained. abc, anterior basicranial commissure; bb, basibranchial; cb, ceratobranchial (cb1, 2, 3, 4, 5 and 6 indicate 1st, 2nd, 3rd, 4th and 5th ceratobranchials, respectively); ch, ceratohyal; e, ethmoid plate; hs, hyosymplectic; m, Meckel's cartilage; pc, parachordal; pq, palatoquadrate. Alcian blue-stained gcmb-MO-injected larva at 6-dpf (A) Alcian blue-stained fgf3-MO-injected larva at 5-dpf (B). gcmb morphants and fgf3 morphants do not develop ceratobranchials and basibranchials. These morphants develop ceratohyals with inverted AP polarity. (C) At 40-hpf, fgf3 is expressed in the 3rd-5th pharyngeal pouches. (D) The expression of gcmb is downregulated in an fgf3-MO-injected larva. (E) The expression of gcmb is detected in the pharyngeal epithelium in a wild-type larva. (F) Although the pharyngeal epithelium is normally formed in an fgf3-MO-injected larva, expression of gcmb was not detected. Arrows indicate pharyngeal epithelium. e, ethmoid plate; ov, otic vesicle; P2, P3, 4 and 5 indicate the 2nd, 3rd, 4th and 5th pharyngeal arches, respectively; pp3, pp4, and pp5 indicate 3rd, 4th and 5th pharyngeal pouches, respectively. fgf3 expression appears earlier in zebrafish development than gcmb expression, suggesting that gcmb is a putative downstream target offgf3. To test this idea, we measured gcmb expression in the fgf3-MO-injected larvae. The expression of gcmb in the pharyngeal arches was markedly down-regulated in fgf3-MO-injected larvae at 40 hpf through 3 dpf (Fig. 4D) . One possible explanation for these phenomena is that the fgf3-MO perturbed pharyngeal epithelium development. However, microscopic observation of the pharyngeal arch in fgf3-MO-injected embryos demonstrated no abnormality (Fig. 4F, arrow) , making this explanation unlikely. These results suggest that the role of gcmb in pharyngeal cartilage development is dependent on fgf3 activity.
fgf3 is required for posterior cranial neural crest cells to maintain dlx2 expression in the pharyngeal arch (David et al., 2002) , suggesting that gcmb might also be involved in the fgf3 -dlx2 signaling pathway. However, gcmb expression is initiated much later than the expression of dlx2, and dlx2 expression in the pharyngeal arch is largely unaffected in gcmb-MO-injected-larvae (data not shown), indicating that dlx2 expression in the pharyngeal arch is independent of gcmb.
Transgenic overexpression of gcmb affects the spatial arrangement of pharyngeal cartilage elements
The data presented above indicate that gcmb is involved in pharyngeal cartilage development. To further investigate the role of this gene, we overexpressed gcmb by generating a transgenic zebrafish line in which the zGCMb protein fused to GFP can be induced in the whole-body of embryos. The zebrafish heat-shock 70 promotor (Halloran et al., 2000) was used to activate the transgene encoding this recombinant fusion protein so that it could be induced throughout the entire embryo by heat-shock treatment.
The gcmb transgenic embryos were heat-shocked at 30 and 4 dpf when the pharyngeal arch derivatives such as pharyngeal cartilage and muscle are being formed, and were fixed at 7 dpf for observation. The transgenic larvae showed the mandible protruding ventrally (approximately 30% of GFP-expressing embryos). Skeletal analysis using Alcian blue staining of the cartilage revealed a ventral deviation of the lower jaw at 7 dpf in the gcmboverexpressing larvae (Fig. 5B,D, arrows) . Further analysis indicated that this was not due to extension of the Meckel's cartilage (m) but rather to an alteration in the angle between Meckel's cartilage and the palatoquadrate (pq) (Fig. 5D ). In addition, the ceratohyal (ch) also projected ventrally in the transgenic larvae (Fig. 5B,D) , and the ceratobranchials (cb) were ventrally displaced (Fig. 5B) . Both structures were slightly irregular in orientation, but neither were significantly longer nor shorter than in wild-type larvae (Fig. 5F ). In contrast, the basibranchial (bb) was severely shortened and widened compared with wild-type larvae (Fig. 5F ). In heat-shocked control larvae at both 30 hpf and 4 dpf, we saw no abnormal phenotype with respect to the pharyngeal cartilage.
In contrast to the effects on the lower jaw cartilages, the transgenic embryos showed no defects in the head skeleton including the ethmoid plate (e), trabeculae cranii (t), anterior basicranial commisure (abc), parachordal (pc), and auditory capsule (ac) (Fig. 5B ). In addition, overexpression of gcmb had no effect on pectoral fin cartilage (data not shown).
To exclude the possibility that the observed phenotype was caused by heat shock, we checked whether similar phenotypes were induced by heat shock in wild-type embryos. We did not observe any abnormal structures in heat-shocked wild-type larvae (data not shown).
To examine whether gcm function is conserved between zebrafish and Drosophila, we examined neuronal Alcian blue-stained wild-type larva at 7-dpf. (B) Alcian blue-stained gcmboverexpressing larva at 7-dpf. This larva was heat-shocked at 4-dpf. Meckel's cartilage (m) and ceratohyal (ch) are bent ventrally (arrows). (C) Dissected pharyngeal cartilages of a wild-type larva stained with alcian blue at 7-dpf. (D) Dissected pharyngeal cartilages of gcmb-overexpressing larva, which were heat-shocked at 4-dpf and stained with alcian blue at 7-dpf. Arrows indicate cartilage elements affected by transgenic overexpression of gcmb. Meckel's cartilage (m) and ceratohyal (ch) are bent ventrally. (E) Dissected pharyngeal cartilages of a wild-type larva stained with alcian blue at 7-dpf. (F) Dissected pharyngeal cartilages of gcmboverexpressing larva, which were heat-shocked at 4-dpf and stained with alcian blue at 7-dpf. The basibranchial (bracket) is significantly shorter in the gcmb-overexpressing larvae (F) than in wild-type larvae (E). abc, anterior basicranial commissure; ac, auditory capsule; bb, basi branchial; cb; ceratobranchial (cb1, 2, 3, 4 and 5 indicate the 1st, 2nd, 3rd, 4th and 5th ceratobranchials, respectively); ch, ceratohyal; e, ethmoid plate hb, hypobranchial; hs, hyosymplectic; ih, interhyal; m, Meckel's cartilage; pc, parachordal; pq, palatoquadrate; t, trabeculae cranii. and glial structures of gcmb-overexpressing embryos and larvae. In situ hybridizatrion for Islet-1 mRNA and immunohistochemistry for a-acetylated tubulin revealed no abnormality in the arrangement and axonal pathfinding of the primary neurons in the embryonic spinal cord (data not shown) (Chitinis and Kuwada, 1990; Inoue et al., 1994) , and the electron microscopic observation revealed no abnormality in the myelination structure in the larval spinal cord (R.H. Miller, personal communication) . These data suggest that zebrafish gcmb has a different role from Drosophila gcm in glial or glial development. Moreover, no morphological abnormalities were observed in any other tissues of the transgenic zebrafish (data not shown).
Effect of gcmb transgenic overexpression and antisense morpholino oligonucleotides knockdown on pharyngeal muscle
We next examined whether gcmb had any role in pharyngeal arch development outside of its effect on pharyngeal cartilage. We labeled the pharyngeal muscle of gcmb-overexpressing larvae with rhodamine-conjugated phalloidin, which stains actin microfilaments. In wild-type larvae, five bilateral muscle pairs form in the mandibular arch (Schilling and Kimmel, 1997) . In the gcmb-overexpressing larvae, the intermandibularis posterior (imp) formed normally, but was oriented ventrally (Fig. 6A,B) , presumably because of the ventral deviation to the Meckel's cartilage. The ventral hyoid muscles include the interhyoideus (ih) and hyohyoideus (hh). The ih and hh muscles connect the posterior ends of the ceratohyal to the basihyal Fig. 6 . Effect of gcmb transgenic overexpression and morpholino antisense oligonucleotides knockdown on the pharyngeal muscles. (A -F) 6-dpf wildtype (A,C,E) and gcmb-overexpressing (B,D,F) larvae labeled with rhodamine-conjugated phalloidin, which stains actin microfilaments.
Lateral view (A -D). Anterior to the left. Ventral view (E-H). Anterior to the top. (G,H) 5-dpf wild-type (G) and gcmb-MO-injected (H) larvae labeled with rhodamine-conjugated phalloidin. Ventral view. Anterior to the top. (A,B)
In wild-type, the interhyohyoideus (ih) and hyohyoideus (hh) are in close contact (A). In gcmb-overexpressing larva, the ih muscle is distant from the hh muscle (B, white arrow). (C,D) In a wild-type larva, tranversus ventralis (tv) are regularly patterned (C). In a gcmb-overexpressing larva, tv muscle patterning is severely perturbed, and the hh muscle is apparently torn away from the posterior ends of the ceratohyal cartilage (D, white arrow). (E,F) In a wild-type larva, the ih and hh muscles have close contact (E). In the gcmb-overexpressing larva, the ih muscle is separated from the hh muscle (F, white arrow). (G,H) In comparison with the tv muscles in a wild-type larva (G), these muscle elements were severely reduced in size in the gcmb-MO injected larva (H). In (G), the sternohyoideus muscle (sh) is out of focus. (I -L) Schematic lateral (I,J) and ventral view (K,L) of the pharyngeal muscles and cartilages in wild-type and gcmb-transgenic larvae.
(I) Schematic of (A). (J) Schematic of (B). (K) Schematic of (E). (L) Schematic of (F)
. bb, basibranchial; bh, basihyal; ch, ceratobranchial; hh, hyohyoideus; hs, hyosymplectic; ih (muscle), interhyoideus; ih (cartilage), interhyal; ima, intermandibularis anterior; imp, intermandibularis posterior; m, Meckel's cartilage; pq, palatoquadrate; sh, sternihyoideus; tv, tranversus ventralis. Q and midline basibranchial, respectively (Hunter et al., 2002) . In wild-type larvae, these muscle elements were in close contact in the ceratohyal (Fig. 6A,E) , while in gcmboverexpressing larvae, the ih muscle was separated spatially from the hh muscle (Fig. 6B,F) ; the hh muscle appeared to be torn from the posterior ends of the ceratohyal cartilage (Fig. 6B,D,F, arrow) .
The 1st -5th tranversus ventrales (tv1-5) are found in the 3rd -7th arches (Schilling and Kimmel, 1997) . In wildtypes, the tv1-5 muscles are regularly patterned, as seen in this study (Fig. 6C) , while in gcmb transgenic larvae, these muscles showed severely perturbed patterning (Fig. 6D) .
To further assess the potential function of gcmb in pharyngeal muscle development, we also examined the pharyngeal muscle patterning in the gcmb-MO-injected larvae. In these larvae, the anterior pharyngeal muscles including the intermandibularis anterior (ima), intermandibularis posterior, ih, and hh muscles were slightly distorted, but normally formed (Fig. 6G,H) . Although the tv1-5 muscles were formed, they were severely reduced in size in the gcmb-MO-injected larvae (Fig. 6G,H) . The tv1-5 muscles originate from the 1st to 5th ceratobranchials, respectively, which are absent or reduced in gcmb-MO-injected larvae, suggesting that the reduction of the tv1-5 muscles might be due to the ceratobranchials defects in the gcmb-MO-injected larvae rather than to a direct effect on the muscles.
Discussion
The role of gcmb in pharyngeal arch development
Our study demonstrated that inhibition of gcmb gene function in zebrafish larvae using antisense morpholino oligonucleotides reduces the ventral pharyngeal cartilages. Further, the ceratobranchials and basibranchials were specifically affected, with two distinct phenotypes observed. In strongly affected larvae, basibranchials and ceratobranchials were completely absent. In the weakly affected larvae, rudimentary basibranchials and the 1st -3rd ceratobranchials remained. The basibranchials and ceratobranchials in the weakly affected larvae were recognizable, but they failed to be stained with Alcian blue, a dye that stains the extracellular matrix associated with chondrocytes (Schilling et al., 1996) , suggesting that the chondrocytes in these larvae were premature. These cartilage elements are derived from the 3rd to 7th pharyngeal arches, consistent with the observation that expression of the gcmb mRNA was predominantly restricted to the 3rd -7th pharyngeal arches. Inhibition of gcmb did not perturb migration of crest cells into the pharyngeal arches, as shown by the unaffected expression of cranial neural crest marker genes, dlx2 and dHAND. Together, these data suggest that gcmb is required for the later stage of cartilage development, specifically in the formation of the 3rd -7th pharyngeal arches.
We also reported here that gcmb-MO-injected larvae showed distortion and reduction in the pharyngeal muscles that originate from severely affected cartilage. These findings raise the possibility that the affected phenotype was caused solely by defects in the pharyngeal cartilage due to the gcmb inhibition. Studies on zebrafish jef (sox9a) mutants have indicated that pharyngeal muscles differentiate in the absence of differentiated pharyngeal cartilage, but are shorter and thicker, and that the elongation of muscles might require stiff, differentiated cartilage (Yan et al., 2002) . On the basis of these findings, we reason that the absence or reduction of pharyngeal cartilage might have caused the size reduction of pharyngeal muscles in the gcmb-MO-injected larvae.
These results differ from those reported for GCMbdeficient mice (Günther et al., 2000) , which lack parathyroid gland, but have no other anatomical structures affected. This difference may be in part due to the structural differences in pharyngeal apparatus between zebrafish and mammals. A primordial pharyngeal apparatus develops in mammals, but there is no formation of gills (Moore and Persaud, 1998) . On the other hand, no parathyroid gland exists in zebrafish (Rubin et al., 1999) .
Transgenic zebrafish overexpressing gcmb were produced in this study and showed defects in the spatial arrangement of the ventral pharyngeal cartilage elements. In the transgenic larvae, Meckel's cartilage protruded ventrally due to an altered angle between Meckel's cartilage and the palatoquadrate. In addition, the ceratohyal, ceratobranchials and the posterior part of the basibranchials were directed ventrally. None of these cartilages showed any obvious morphological abnormalities. In contrast, the basibranchial (bb) was severely shortened and widened compared with wild-type larvae. Since the other lower jaw cartilages showed no such severe deformity, the observed ventral cartilage displacement may be an indirect result of their attachment to the abnormally shortened basibranchial, although we cannot tell why the basibranchial alone was selectively affected by the overexpressed gcmb.
Muscle formation was also distorted in the gcmboverexpressing larvae. However, because the hyohyoideus was torn away from the ceratohyal, we suggest that the defects in pharyngeal muscle formation were due to the spatial arrangement of the pharyngeal cartilage.
Our zebrafish results also differ from ectopic expression studies on mouse GCMa, which showed that mGCMa induces congenital spinal cord abnormalities (NaitOumesmar et al., 2002) . This anomaly may be attributed to the low degree of sequence similarity between mGCMa and zebrafish gcmb (Table 1 ). The fact that rat GCMa can substitute partially for Drosophila GCM, while mouse GCMb can not (Kim et al., 1998) suggests that GCMa and GCMb in mammals have divergent functions. Alternatively, this variation in function may reflect differences in the timing of ectopic gene expression. The mGCMa was expressed ectopically in most neuroepithelial and mesodermal derivatives in the caudal region of the mouse embryos by using a mouse HOXa7 promoter while neurulation was still proceeding . In contrast, ectopic overexpression of zebrafish gcmb was induced using a heat-shock promoter at relatively later stages of embryonic development when the neural tissue had been already established.
It remains in question as to the stage of cartilage development at which stage gcmb is required. Development of cartilage occurs in two distinct phases. The first is a period of rapid cartilage morphogenesis that accompanies chondrocyte differentiation at 48-72 hpf (Schilling and Kimmel, 1997) . The second is an extended period of cartilage growth involving cell divisions in the early swimming and feeding larvae from 72 hpf onwards (Kimmel et al., 1998) . Since expression of zebrafish gcmb starts at around 40 hpf in the pharyngeal arches, slightly before chondrification begins, and gcmb-overexpression affects the pharyngeal cartilage formation at 30 hpf and 4 dpf, gcmb might be required for both chondrocyte differentiation and/or cartilage growth.
It is possible that zebrafish gcmb might also be involved in the development of other derivatives of the pharyngeal arch. Mouse GCMa is expressed in the thymus, which is derived from the 3rd pharyngeal pouch (Hashemolhosseini et al., 2002) . We checked whether gcmb-MO-injected embryos show reduced expression of the marker gene for the thymus, rag-1 (Willet et al., 1997) . However, no change of rag-1 expression was observed (data not shown). From these results, we propose that gcmb is specifically required for the formation of pharyngeal cartilage.
Molecular mechanisms of gcmb function in pharyngeal cartilage development
The molecular mechanisms by which gcmb expression in the surface ectoderm can induce cartilage formation in mesenchyme remain unknown. Mouse GCMa expressed in the chorion is essential for branching morphogenesis in the chorioallantoic placenta (Anson-Cartwright et al., 2000; Schreiber et al., 2000) . Since the maintenance of GCMa expression in chorion depends on its close contact with the allantois, the expression of mouse GCMa may be regulated by secreted molecules expressed in the allantois. Conversely, the expression of GCMa in chorion may also control secretion of other factors that promote branching morphogenesis in the chorioallantoic placenta. Similarly, it is possible that zebrafish gcmb might regulate the differentiation of mesenchymal cells into cartilage by inducing secretion of proteins from the surface ectoderm.
Previous studies have established that pharyngeal arch development requires pharyngeal surface ectoderm in addition to neural crest cells and endodermal epithelium (Miller et al., 2000) . Endothelin-1 is expressed in the surface ectoderm surrounding the neural crest cells and is required for pharyngeal arch development in mice and zebrafish (Kurihara et al., 1994; Miller et al., 2000) . We show here that gcmb is also exclusively expressed in the surface ectoderm and is required for pharyngeal arch development. However, the later-stage expression of gcmb is a predictor that endothelin-1 expression is independent of gcmb expression. In addition, endothelin-1 expression was unaffected by either transgenic overexpression of gcmb or inhibition with morpholino oligonucleotides against gcmb (data not shown). Moreover, the transcription factor, dHAND, which is downstream of endothelin-1 (Thomas et al., 1998; Miller et al., 2000 Miller et al., , 2003 , was also unperturbed in gcmb-overexpressing embryos (data not shown). These results suggest that gcmb may act independently of genes involved in the Endothelin-1 signaling cascade, or that another factor(s) is/ are required for the co-activation of such genes. Mouse FGF8 is expressed in the surface ectoderm and is required for formation of the pharyngeal arches (Trumpp et al., 1999) . Zebrafish larvae in which both fgf8 and fgf3 have been inhibited show loss of most cartilage structures from the head (Walshe and Mason, 2004) . However, the absence of zebrafish fgf8 expression in the surface ectoderm makes it unlikely that gcmb interacts with fgf8 (Roehl and Nüsslein-Volhard, 2001; Nissen et al., 2003) . Taking these findings into consideration, we speculate that gcmb induces expression of an unknown secreted molecule in the pharyngeal epithelium, and that this putative factor facilitates differentiation of the pharyngeal mesenchymal cells into cartilages (modeled in Fig. 7) . Fig. 7 . A model of gcmb function in pharyngeal cartilage development. Schematic drawing of the expression pattern of genes regulating pharyngeal arch development. Induction of one molecule by the other is symbolized by an arrow connecting the two molecules involved. gcmb expression in pharyngeal epithelium depends on fgf3 in the pharyngeal pouch. gcmb expression is independent of endothelin1, which regulates the expression of hand2 in the mesodermal core of the pharyngeal arch. dlx2 may act either independently or upstream of gcmb. The molecule, X, may be induced by gcmb in the pharyngeal epithelium and facilitate differentiation of pharyngeal mesenchymal cells into cartilages. P3, 4 and 5 indicate the 3rd, 4th and 5th pharyngeal arches, respectively.
Pharyngeal endoderm also plays an important function in the development of the pharyngeal arch (David et al., 2002; Nissen et al., 2003) . Previous studies on zebrafish casanova mutants and fgf3 indicated that the pharyngeal endoderm and fgf3 are required for ventral head skeleton formation (David et al., 2002) . fgf3 knockdown studies using morpholino oligonucleotides demonstrated that the pharyngeal endodermal expression of fgf3 is specifically required for the formation of the posterior pharyngeal arches (David et al., 2002) . Interestingly, the phenotype of fgf3-MO-injected larvae is very similar to that of the gcmb-MO-injected larvae, implying that gcmb might act in the fgf3 signaling cascade during pharyngeal cartilage development. We report here that gcmb expression in the pharyngeal arches at 40 -72 hpf is markedly down-regulated in the fgf3 morphants, suggesting that gcmb functions downstream of fgf3. The murine Dlx genes are expressed in, and regulate the development of, the pharyngeal arches (Qiu et al., 1995 (Qiu et al., , 1997 Anderson, et al., 1997; Acampora et al., 1999; Depew et al., 2002; Sumiyama et al., 2002) . The zebrafish dlx2 gene is also expressed in the pharyngeal arch and is involved in pharyngeal cartilage development (Akimenko et al., 1994; Miller et al., 2000) . Furthermore, dlx2 expression depends on fgf3 activity (David et al., 2002) . However, gcmb expression starts later than dlx2 in the pharyngeal arch and dlx2 expression is undisturbed at 15 -48 hpf in gcmb-MO-injected embryos, suggesting that dlx2 acts either independently or upstream of gcmb (Fig. 7) .
Role for gcmb in macrophage lineage development
Previous studies established that gcm has divergent functions in invertebrates and vertebrates (Bernardoni et al., 1997; Lebestky et al., 2000; Anson-Cartwright et al., 2000; Günther et al., 2000; Alfonso et al., 2002; Nait-Oumesmar et al., 2002; Stecca et al., 2002) . In Drosophila, gcm and gcm2 are required for macrophage development (Bernardoni et al., 1997; Lebestky et al., 2000; Alfonso et al., 2002) . In mammals, mouse GCMa is essential for placenta development (Anson-Cartwright et al., 2000; Stecca et al., 2002) . Human GCMa is also expressed in placental trophoblast cells (Nait-Oumesmar et al., 2000) . In addition, mouse GCMa expression is detected in kidney (Hashemolhosseini et al., 2002) .
In this paper, we show that zebrafish gcmb is also expressed in the macrophage. However, neither transgenic overexpression nor inhibition with morpholino oligonucleotides against gcmb altered macrophage numbers, as judged by neutral red staining (Herbomel et al., 2001) . One simple explanation for these results is that gcmb is not required for macrophage development, and further investigation to this end is necessary. Alternatively, it is possible that another unidentified zebrafish gcm homologue exists and is redundant for gcmb in macrophage development. However, we have not isolated other zebrafish gcm homologues despite extensive screening (data not shown). In addition, a search of the Fugu (Takifugu rubripes) genome database (http://ensemble.fugusg.org/Fugu_rubripes/blastview) revealed that Fugu also has only one gcm homologue, suggesting that there is not another gcm homologue in fish.
We also detected gcmb expression in cells spreading on the yolk surface at the bud stage. Although the identity of these gcmb-expressing cells is not clear, the expression pattern was reminiscent of endodermal cells (Kikuchi et al., 2001) . Since casanova mutants do not form any gut tissue and fail to express any markers of endoderm differentiation (Alexander et al., 1999) , we examined whether the gcmbpositive cells were reduced in the embryos injected with casanova-antisense morpholino oligonucleotides (casanova-MO) that produce a phenocopy of casanova mutants (Y. Kikuchi, personal communication) . However, the gcmbexpressing cells were unaffected, suggesting that the gcmbpositive cells on the yolk surface are not endodermal cells.
Experimental procedures
Animals
Wild-type zebrafish embryos were maintained in our laboratory as described (Westerfield, 1995) . Embryos were incubated at 28.5 8C and staged according to Kimmel et al. (1995) .
Molecular cloning of zebrafish gcmb
A pair of degenerate oligonucleotide primers corresponding to the regions of high conservation between Drosophila and mammals (Akiyama et al., 1996) (the regions encoding the following amino acid sequences, WAMRNTNNH and LRPAICDKA) were used to isolate the zebrafish gcm homologue from zebrafish genomic DNA. The PCR product was then subcloned and sequenced. Based on the sequence analysis, rapid amplification of cDNA ends (RACE) was performed using a zebrafish cDNA library to obtain full-length cDNA for the zebrafish gcm homologue. The zebrafish cDNA library from 36-hpf zebrafish embryos was constructed using a Marathon cDNA Amplification kit (CLONTECH) according to the manufacturer's instructions. 5 0 -RACE and 3 0 -RACE reactions were performed using adapter primers (TOYOBO) and zebrafish gcm fragment-specific primers followed by nested 5 0 -RACE and 3 0 -RACE reactions using nested adapter primers (TOYOBO) and nested zebrafish gcm fragment-specific primers.
The zebrafish homologue of gcm including the conserved GCM-motif sequence was then amplified using primers based on the sequences of the nested 5 0 -and 3 0 -RACE products. This PCR product was subcloned and sequenced. The accession number for the zebrafish gcmb sequence is AB099697.
Generation of the transgenic zebrafish for overexpression of gcmb
To generate the plasmid for transgenic overexpression of gcmb, first the plasmid pCS2-hsp70:GFP containing the zebrafish heat-shock 70 promoter (Halloran et al., 2000) and pEGFP-C1 (Clontech) in pCS2 þ (Turner and Weintraub, 1994 ) was made as previously described (Yeo et al., 2001 ). The Stu I-Bgl II fragment encoding zebrafish gcmb, excluding the 3 0 -untranslated region, was amplified by PCR using zebrafish gcmb cDNA as the template, and inserted between the Cla I and Bam HI sites of pCS2-hsp70:GFP after blunting the Cla I site to create pCS2-hsp70-zgcmb:GFP. The pCS2-hsp70-zgcmb:GFP encodes a zGCMb:GFP fusion protein.
The linearized pCS2-hsp70-zgcmb:GFP DNA solution of 10 ng/ml in distilled water was injected into the cytoplasm of one-cell stage zebrafish embryos as previously described (Higashijima et al., 1997) . The injected embryos were raised to sexual maturity and crossed with each other to identify the founder fish pairs, which bear the transgenic progeny for hsp70-zgcmb:GFP. Transgenic embryos were identified by their expression of GFP fluorescence in the whole-body following heat-shock treatment at 39 8C for 1 h. One line out of 52 pairs produced positive progeny.
Whole-mount in situ hybridization and histology
Whole-mount in situ hybridization and preparation of RNA probes were performed as described previously (Westerfield, 1995) . The probe for gcmb was synthesized using the full-length cDNA clone as the template. The probes for detecting L-plastin, dlx2, dHAND, endothelin-1 and rag-1 mRNA were synthesized from zebrafish cDNA. The lysozyme C probe was synthesized from the lysozyme C cDNA clone which we obtained by RT-PCR using 25-26-hpf zebrafish cDNA as template. The fgf3 probe was synthesized from the fgf3 cDNA clone. We also obtained fgf3 cDNA by RT-PCR. Following in situ hybridization, embryos were dehydrated into 100% ethanol, embedded in JB4 resin (Polysciences), and then sectioned (10 mm) with a microtome (MICROM HM330, Mcbain Instruments).
Cartilage tissues were stained with Alcian blue, dissected and flat-mounted (Neuhauss et al., 1996; Kimmel et al., 1998) .
Pharyngeal muscles were labeled with Rhodamineconjugated phalloidin (Molecular probes; 10 27 M). After washing with phosphate buffer, larvae were mounted with 70% glycerol and visualized on a LSM 510 laser-scanning microscope (Carl Zeiss).
Neutral red staining was performed as described previously (Herbomel et al., 2001 ).
Antisense morpholino oligonucleotides (AMO)
AMO against gcmb mRNA was designed and synthesized by Gene Tools, LLC (Corvallis, OR). The sequence was as follows: 5 0 -AAACTGATCTGAG-GATTTGGACATG-3 0 . AMO was injected into the yolk of 1 -4-cell stage embryos at varying concentrations up to 5 mg/ml as described previously (Nasevicius and Ekker, 2000) . As a control, a 4-base mismatch AMO (5 0 -AAAgTAAAgTGAaCTGAGGATTTcGACtTG-3 0 ) was also designed and synthesized by Gene Tools, LLC (Corvallis, OR). No abnormal phenotype was observed when the 4-base mismatch AMO was injected as described above. AMO against fgf3 and fgf3 control morpholino were designed according to published data (Maroon et al., 2002) and synthesized by Gene Tools, LLC. fgf3 morpholino, 5 0 -CATTGTGGCATGGCGGGATGTCGGC-3 0 ; 4-base mismatch fgf3 control morpholino, 5 0 -CATTATGT-CATGGCGGGAGGTGGGC-3 0 . AMO against Casanova was injected as described above.
